Abstract. Substantial evidence has indicated that osteoblastic differentiation may be regulated by mechanical loads or bone morphogenetic protein-2 (BMP-2). BMP-2-induced in vivo osteogenesis can be significantly enhanced in the presence of mechanical stimuli, revealing the therapeutic potential of the combined application of BMP-2 and mechanical loads in clinical bone diseases (e.g., bone fractures and osteoporosis); however, the underlying mechanisms remain elusive. In this study, we found that cyclic stretch or BMP-2 alone increased the expression of osteoblastic differentiation markers, including alkaline phosphatase (ALP) and runt-related transcription factor 2 (Runx2), as shown by RT-qPCR, western blot analysis and ALP activity test. Furthermore, our results revealed that cyclic mechanical stretch with 10% elongation at 0.1 Hz significantly enhanced the BMP-2-induced upregulation of ALP and Runx2 expression in osteoblast-like MC3T3-E1 cells. Cyclic stretch also inhibited the BMP-2-induced upregulation of Hes-related family bHLH transcription factor with YRPW motif 1 (Hey1, measured by RT-qPCR and immunofluorescence staining), a potent negative regulator of osteogenesis.
Introduction
Bone is a dynamic tissue that can be continuously degraded and renewed. The processes of bone remodeling are accomplished by the coordinated regulation of bone-resorbing osteoclasts and bone-forming osteoblasts (1) . It has been well documented that the skeleton is a highly mechano-adaptive system (1), which can remodel its own structure in response to external mechanical stimulation (2) . By contrast, the lack of mechanical stimuli to the weight-bearing regions of the skeleton leads to lower bone formation and inferior bone quality (3) . Studies have demonstrated the capability of osteoblasts to respond to various forms of physiological mechanical stimuli, such as fluid shear stress (4, 5) , compressive force (6, 7) , and cyclic stretch (8) (9) (10) (11) (12) . It has been proven that cyclic stretch is a potent mediator in promoting osteogenic mineralization (10) and the expression of osteoblastic differentiation markers, such as runt-related transcription factor 2 (Runx2) (9, 11) and alkaline phosphatase (ALP) (8, 9, 11, 12) .
It has been demonstrated that the differentiation of osteoblasts is also regulated by various growth factors, such as transforming growth factor-β (TGF-β), insulin-like growth factors and bone morphogenetic protein-2 (BMP-2) (13) . BMP-2 is a bone-growth regulatory factor that belongs to the TGF-β superfamily. In vivo studies have demonstrated that BMP-2 plays a pivotal role in stimulating bone regeneration and regulating bone remodeling (14) (15) (16) (17) . Previous studies have also reported that BMP-2 induces an increase in the expression of differentiation markers (e.g., ALP and Runx2) and mineralized bone nodules in osteoblasts in vitro (5, 18) . Moreover, BMP-2-induced bone regeneration and ossification in vivo can be enhanced by mechanical stimuli in distraction osteogenesis or in models of bone segmental defects (19) (20) (21) , revealing the therapeutic potential of the combined application of BMP-2 and mechanical load in clinical bone diseases. However, the underlying mechanisms through which the combined application of mechanical load and BMP-2 promote osteogenesis remain elusive. In addition, the mechanisms through which mechanical load and BMP-2 regulate osteoblastic differentiation remain poorly understood.
Hes-related family bHLH transcription factor with YRPW motif 1 (Hey1), a member of the basic helix-loop-helix family (22) , is a downstream mediator of Notch signaling (23) which regulates bone remodeling and osteoblastic differentiation (24, 25) . Previous studies have revealed that Hey1 negatively regulates bone regeneration in vivo (26) and osteoblastic differentiation in vitro (18) . Furthermore, BMP-2 induces an increase in the expression of Hey1 in osteoblasts (18) , suggesting that Hey1 serves as a negative regulatory factor in BMP-2-induced osteoblastic differentiation. In addition, substantial evidence has demonstrated the regulatory role of cyclic stretch in the expression of Hey1 in vascular smooth muscle cells and human umbilical vein endothelial cells (27) (28) (29) (30) . However, the role of Hey1 in the regulation of mechanically-induced osteoblastic differentiation remains unclear. It also remains unknown whether Hey1 expression is affected by cyclic stretch in the presence or absence of BMP-2 in osteoblasts.
Therefore, in the present study, the effects and potential mechanisms of cyclic stretch in the regulation of BMP-2-induced osteoblastic differentiation were investigated in osteoblast-like MC3T3-E1 cells. Firstly, we investigated the effects of mechanical load or BMP-2 on osteoblastic differentiation markers (ALP and Runx2). We then evaluated the effects of cyclic stretch on the expression of osteoblastic differentiation markers and Hey1 in the presence or absence of BMP-2 in MC3T3-E1 cells. Finally, the expression levels of osteoblastic differentiation markers under the combined stimulation of cyclic stretch and BMP-2 were measured following the overexpression of Hey1 by the transient transfection of a Hey1 expression plasmid in MC3T3-E1 cells. Our findings provide a novel molecular mechanism through which cyclic stretch enhances BMP-2-induced osteoblastic differentiation through the inhibition of Hey1. . , Hillsborough, NC, USA) and incubated until they reached 70% confluence. The cells were then cultured in serum-free α-MEM for 24 h to be synchronized prior to mechanical stimulation. The medium was then replaced with fresh α-MEM containing 10% FBS with or without various concentrations of BMP-2 (0, 50, 100, 150, 200 or 250 ng/ml). The cells were then subjected to sine-wave stretch with different peak magnitudes of elongation (0, 5, 10 or 15%) at 0.1 Hz (5-sec stretch/5-sec relaxation) for 24 h using an FX-4000 Tension System (Flexcell International Corp.). The control cells were maintained under the same experimental conditions, but were not exposed to mechanical stretch.
Materials and methods

Reagents
Plasmid construction and transient transfection.
The ORF of the mouse Hey1 cDNA was amplified by RT-PCR using specific primers (sense, 5'-CGG AAT TCA TGG AGA GAG CTC ACC C-3' and antisense, 5'-TTG CGG CCG CTT AGA AAG CTC CGA TC-3') that were designed based on the Hey1 gene (GenBank ID: NM_010423.2) by Takara (Shiga, Japan). The gel-purified PCR products were digested with the restriction enzymes, EcoRI and NotI (Takara), and cloned into the eukaryotic expression vector, pcDNA3.1 (Invitrogen), which contained a 6xHis-tag (~5.5 kDa), to yield pcDNA3.1-Hey1. The inserted sequence was confirmed by DNA sequencing. Transient transfection was carrried out using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions. Following 24 h of transfection, the cells were harvested and analyzed for the expression of Hey1 and His-tag. Untransfected cells were used as controls and cells transfected with the empty pcDNA3.1 vector served as the mock-transfected cells.
Determination of ALP activity. ALP activity in the medium of MC3T3-E1 cells were determined by colorimetric assay using an Alkaline Phosphatase assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. In brief, 20 µl of cell culture medium mixed with 1 ml of reaction solution containing 4-nitrophenyl phosphate (18 mM) and 2-amino-2-methyl-1-propanol (0.5 M) were incubated in the dark for 15 min at 37˚C in microcentrifuge tubes. The absorbance values were recorded at 405 nm using the Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA). Every sample was measured in triplicate and the assays were performed 4 times.
Immunofluorescence staining. Cells in the BioFlex culture plate were fixed with 4% paraformaldehyde for 30 min and subsequently permeabilized with 0.1% Triton X-100 for 5 min. After being blocked with 2% goat serum in phosphate-buffered saline (PBS) at 37˚C for 1 h, the cells were incubated overnight at 4˚C with primary antibodies to Hey1 (1:200) and Runx2 (1:50). The cells were then incubated with Alexa Fluor ® 594, 488-conjugated goat anti-rabbit antibodies (1:400) at 37˚C for 1 h and counterstained with 4',6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature. Images were obtained using a confocal laser scanning microscope (FV1000; Olympus, Tokyo, Japan). Fluorescence intensity was determined by Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).
Total RNA isolation and RT-qPCR. Total RNA was isolated from the MC3T3-E1 cells using TRizol reagent (Invitrogen) according to the instructions provided by the manufacturer and quantified by spectrophotometry (NanoDrop 2000c spectrophotometer; Thermo Fisher Scientific, Rockford, IL, USA). RNA (1 µg) was reverse transcribed into cDNA in a 20 µl reaction with oligo(dT) 18 as a primer using a First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Pittsburgh, PA, USA) according to the manufacturer's instructions. qPCR was performed on 1 µl of cDNA in a 20 µl reaction with SYBR Premix Ex Taq II (Takara) using the Bio-Rad CFX96 real-time PCR detection system (Bio-Rad, Philadelphia, PA, USA). The sense and antisense primers were: 5'-CGA CGA GAC CGA ATC AAT AAC-3' and 5'-CAA ACT CCG ATA GTC CAT AGC C-3' for Hey1 (GenBank ID: NM_010423.2); 5'-GGG CAT TGT GAC TAC CAC TCG-3' and 5'-CCT CTG GTG GCA TCT CGT TAT-3' for ALP (GenBank ID: NM_007431.2); 5'-GAC ACT GCC ACC TCT GAC TTC T-3' and 5'-ATG AAA TGC TTG GGA ACT GC-3' for Runx2 (GenBank ID: NM_001145920.2); and 5'-GGT GAA GGT CGG TGT GAA CG-3' and 5'-CTC GCT CCT GGA AGA TGG TG-3' for GAPDH (GenBank ID: NM_008084.2). The protocol for the RT-qPCR reactions was as follows: an initial denaturation at 95˚C for 30 sec followed by 45-cycle denaturation at 95˚C for 15 sec, annealing at 60˚C for 15 sec, and extension at 72˚C for 15 sec. GAPDH was used as an internal control for normalization. The relative quantity of mRNA was calculated (2 -ΔΔCt analysis). All RT-qPCR reactions were performed in triplicate.
Western blot analysis. The cells were washed with ice-cold PBS and lysed to release the whole proteins using RIPA buffer with 1 mM PMSF. The cell lysates were transferred into a pre-cooled microcentrifuge tube and constant agitation was maintained for 30 min at 4˚C. The protein extracts were then centrifuged at 4˚C for 20 min at 12,000 rpm. The protein content of the supernatant was collected and the protein concentration was determined by BCA assay (Pierce Chemical Co., Rockford, IL, USA). The protein extracts (30 µg/sample) were subjected to electrophoretic separation by 10% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto PVDF membranes (Millipore), after being mixed with 5X loading buffer and boiled for 8 min. The PVDF membranes were blocked in Tris-buffered saline with 0.5% Tween-20 (TBST) containing 5% BSA for 2 h, and incubated overnight at 4˚C with primary antibodies to His-probe (1:500), GAPDH (1:1,000) and Runx2 (1:400) in TBST containing 5% BSA. The membranes were then incubated with a 1:5,000 dilution of HRP-conjugated goat antirabbit secondary antibody for 1 h at room temperature, and then visualized using an ECL system (GE ImageQuant 350; GE Healthcare, Piscataway, NJ, USA). GAPDH was used as an internal control for normalization. Semi-quantitative analyses of the bands were performed by using the Quantity One software (Bio-Rad).
Statistical analysis. All data presented in this study are expressed as the means ± standard deviation (SD). Statistical analyses were performed using Microsoft SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) with Tukey post hoc analysis was used to determine the differences between 2 groups. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Cyclic stretch stimulation or BMP-2 induces an increase in the expression of differentiation markers in osteo-
blasts. Cyclic stretch with 10 or 15% elongation induced a significant increase in ALP mRNA levels in the MC3T3-E1 cells (P<0.01), as well as an increase in ALP activity in the medium (P<0.01; Fig. 1A and C) compared to the untreated controls. The upregulation in ALP mRNA expression and activity was more prominent under mechanical stretch with 10% elongation than 15% elongation (mRNA expression, P<0.05; activity, P<0.01). Furthermore, the mRNA and protein levels of Runx2 were significantly increased only by cyclic stretch with 10% elongation (P<0.01 vs. control group; Fig. 1B and D). Treatment with BMP-2 at various concentrations (50, 100, 150, 200 or 250 ng/ml) induced an increase in the mRNA levels of ALP in the MC3T3-E1 cells compared to the untreated controls (P<0.01; Fig. 2A) , and all concentrations of BMP-2 significantly enhanced ALP activity (P<0.01 vs. control group) apart from the concentration of 50 ng/ml (Fig. 2C) . Moreover, western blot analysis revealed a significant increase in Runx2 protein expression following treatment with 200 ng/ml or 250 ng/ml BMP-2 (P<0.01 vs. control group; Fig. 2D ). BMP-2 at the concentrations of 150, 200 and 250 ng/ml also significantly upregulated the mRNA levels of Runx2 in the MC3T3-E1 cells (150 ng/ml, P<0.05; 200 and 250 ng/ml, P<0.01 vs. control group; Fig. 2B ). Treatment with BMP-2 at the concentration of 200 ng/ml exhibited the most prominent effects on the expression of osteoblastic differentiation markers.
Cyclic stretch enhances the BMP-2-induced upregulation in the expression of differentiation markers in osteoblasts.
Cyclic stretch stimulation (10%, 0.1 Hz) and treatment with BMP-2 (200 ng/ml) separately induced a significant increase in the mRNA levels of ALP and Runx2 compared to the untreated controls (ALP: stretch, P<0.05; BMP-2, P<0.01; Runx2: stretch, P<0.01; BMP-2, P<0.01; Fig. 3A and B) . Moreover, the combined application of cyclic stretch and BMP-2 significantly enhanced the upregulation of the mRNA levels of ALP and Runx2 in the MC3T3-E1 cells as compared with the stretch group or BMP-2 group (P<0.01; Fig. 3A and B) . Cyclic stretch also enhanced ALP activity in the medium in the BMP-2-stimulated MC3T3-E1 cells (P<0.01; Fig. 3C ). Furthermore, western blot analysis revealed that the combined application of cyclic stretch and BMP-2 further promoted the upregulation of Runx2 protein expression in the MC3T3-E1 cells compared with either cyclic stretch or BMP-2 stimulation alone (P<0.01; Fig. 3D ). The promotional role of cyclic stretch in the BMP-2-induced increase in Runx2 protein expression in the MC3T3-E1 cells was further confirmed by immunofluorescence staining, which revealed a higher Runx2 protein expression under the combined application of cyclic stretch and BMP-2 compared with either cyclic stretch or BMP-2 stimulation alone (P<0.01; Fig. 3E ).
Cyclic stretch inhibits the BMP-2-induced upregulation of Hey1 in osteoblasts.
The expression of Hey1, a potent regulator of osteogenesis (18, 26) , was evaluated under the following conditions: stimulation with either cyclic stretch (10%, 0.1 Hz) or BMP-2 (200 ng/ml) alone, or with cyclic stretch plus BMP-2 in the MC3T3-E1 cells. Treatment with BMP-2 alone induced a significant increase in the mRNA and protein levels of Hey1 compared to the untreated controls as shown by RT-qPCR and immunofluorescence staining (P<0.01); however, mechanical loading alone did not affect the Hey1 mRNA and protein expression ( Fig. 4A and B) . However, cyclic stretch stimulation significantly suppressed the BMP-2-induced upregulation in the mRNA and protein levels of Hey1 in the MC3T3-E1 cells (P<0.01). Nonetheless, cyclic stretch did not completely neutralize the BMP-2-induced increase in Hey1 mRNA or protein expression compared to the control group (mRNA, P<0.01; protein, P<0.05).
Transient Hey1 overexpression reverses the effects of cyclic stretch on the BMP-2-induced upregulation of differentiation markers in osteoblasts.
To establish the role of Hey1 in the stretch-induced upregulation of differentiation markers in BMP-2-stimulated MC3T3-E1 cells, we first constructed a Hey1 expression plasmid using the eukaryotic expression vector, pcDNA3.1, and following transient transfection into the MC3T3-E1 cells for 24 h, the mRNA and protein expression levels of Hey1 were measured by RT-qPCR and western blot analysis. The results of RT-qPCR revealed that the MC3T3-E1 cells transfected with pcDNA3.1-Hey1 expressed significantly higher mRNA levels of Hey1 than the controls (untransfected cells) and mock-transfected cells (transfected with the empty control vector, pcDNA3.1) (P<0.01; Fig. 5A ). Furthermore, western blot analysis with an anti-His-probe antibody was performed to verify the effectiveness of the plasmid to induce Hey1 overexpression (Fig. 5B) . The cells in medium containing BMP-2 (200 ng/ml) were subjected to cyclic stretch (10%, 0.1 Hz) for 24 h following 24 h of transfection. The results of RT-qPCR revealed that the overexpression of Hey1 inhibited the stretch-induced increase in the mRNA levels of ALP and Runx2 in the BMP-2-stimulated MC3T3-E1 cells (P<0.01; Fig. 5C and D) . Moreover, the stretchinduced upregulation of ALP activity in the medium was also suppressed by the overexpression of Hey1 in the BMP-2-stimulated MC3T3-E1 cells (P<0.01; Fig. 5E ). Furthermore, the results from western blot anlaysis and immunofluorescence staining revealed that Hey1 overexpression inhibited the stretch-induced increase in Runx2 protein expression in the MC3T3-E1 cells treated with BMP-2 (P<0.01; Fig. 5F and G) .
Discussion
Numerous studies have demonstrated the involvement of cyclic stretch or BMP-2 in the regulation of osteoblastic differentiation (8) (9) (10) (11) (12) (14) (15) (16) (17) (18) . However, the relevant mechanisms remain elusive. Previous in vivo studies have demonstrated that BMP-2-induced bone regeneration and ossification can be enhanced by mechanical loading (19, 21) . The present in vitro study revealed that cyclic stretch enhanced the BMP-2-induced upregulation of osteoblastic differentiation markers (ALP and Runx2) through the inhibition of Hey1, and highlighted that Hey1 serves as a potent negative regulator of osteoblastic differentiation.
During distraction osteogenesis, cancellous and cortical bones undergo mechanical stimulation and osteoblasts located on the surface of unmineralized matrix of cancellous and cortical bones are subjected to mechanical loads. In this study, to imitate the synergistic action of cyclic stretch and BMP-2 during distraction osteogenesis for an in vitro investigation, MC3T3-E1 cells were cultured as a monolayer on flexible substrate surfaces and subjected to mechanical stretch in the presence of BMP-2. Our results revealed that cyclic stretch of 10% elongation or treatment with BMP-2 at a concentration of 200 ng/ml exhibited the most obvious effects on osteoblastic differentiation markers (ALP and Runx2). Moreover, previous in vitro studies have also used similar magnitudes of mechanical stretch to investigate the mechanotransduction of bone cells (31, 32) and the same concentrations of BMP-2 have been applied to research osteoblastic differentiation (5, 33) . Furthermore, our findings also demonstrated that treatment with BMP-2 at a lower concentration (50 ng/ml) induced an increase in ALP mRNA levels, but not in ALP activity in the medium. Treatment with BMP-2 at 150 ng/ml induced an increase in Runx2 mRNA levels, but not in Runx2 protein expression, suggesting that osteoblastic gene transcription may be more sensitive to BMP-2 concentration than translation.
A hierarchy of transcription factors and osteogenic markers are expressed during osteoblastic differentiation (34) . Runx2, a bone-specific transcription factor, plays an essential role in bone formation in vivo and osteoblastic differentiation in vitro (34, 35) . Runx2 forms a heterodimeric complex with the transcriptional co-activator core binding factor β, and binds to osteoblast-specific cis-element 2 sites to modulate the transcription of osteoblast-related genes (34, 36) , such as ALP, an early-stage marker of osteoblastic differentiation (33) . Therefore, in this study, we investigated the synergistic effects of cyclic stretch and BMP-2 on ALP and Runx2 expression to demonstrate osteogenic differentiation. Our results revealed that cyclic stretch enhanced the BMP-2-induced increase in the mRNA levels of ALP and Runx2, and ALP activity in the medium and Runx2 protein expression. These data suggest that cyclic stretch improves osteoblastic differentiation in response to BMP-2 in vitro, and they reveal the significant promotional effects of the combined application of BMP-2 and mechanical stretch on osteoblastic differentiation, which is consistent with previous in vivo studies (19, 21) .
Notch signaling has been proven to play a crucial role in bone remodeling and osteoblast function (24, 25) . Hey1, as a downstream target gene of Notch signaling, can be stimulated by BMP-2 and negatively regulates bone remodeling and osteoblastic differentiation by suppressing the transcriptional activation of Runx2 (18, 26) . Moreover, previous studies have shown that cyclic strain inhibits the mRNA and protein levels of Hey1 in vascular smooth muscle cells (28,30) . The abovementioned evidence supports the important role of cyclic stretch in the regulation of Hey1 expression. Therefore, in the present study, we investigated the effects of cyclic stretch on Hey1 expression in BMP-2-stimulated MC3T3-E1 cells. We suggest that mechanical stretch enhances BMP-2-induced osteoblastic differentiation by suppressing Hey1. Our results revealed that BMP-2 induced a significant increase in Hey1 expression, and that cyclic stretch alone did not affect Hey1 expression. Nevertheless, this study also revealed that cyclic stretch inhibited the BMP-2-induced upregulation of Hey1 in osteoblasts. These results indicate that the inhibitory effect of mechanical stretch on the upregulation of Hey1 under BMP-2 stimulation may be an underlying mechanism through which cyclic stretch promotes BMP-2-induced osteoblastic differentiation. However, mechanical stretch was not able to completely neutralize the BMP-2-induced increase in Hey1 expression in the present study. A possible reason for this is that mechanical load increases osteoblastic BMP-2 expression (5,9) and Hey1 may be upregulated by BMP-2, which eliminate the inhibitory effect of cyclic stretch on Hey1 to a certain extent.
To further confirm the role of Hey1 in the regulation of osteoblastic differentiation under the combined application of BMP-2 and stretch stimulation, we constructed a Hey1 expression plasmid using the vector pcDNA3.1 and transiently transfected the plasmid into MC3T3-E1 cells. The cells in the presence of BMP-2 were subjected to cyclic stretch for 24 h. As a result, our findings revealed that Hey1 overexpression reversed the role of cyclic stretch in the BMP-2-induced upregulation of ALP mRNA levels and activity, and Runx2 expression. Thus, our findings reveal the importance of Hey1 in the regulation of BMP-2-induced osteoblastic differentiation in response to cyclic stretch. The present study also highlighted that Hey1 functions as a key negative regulator of osteoblastic differentiation induced by the combined application of BMP-2 and mechanical stretch.
In conclusion, the present study demonstrated that cyclic stretch enhanced the BMP-2-induced upregulation of osteoblastic differentiation markers in MC3T3-E1 cells through the inhibition of Hey1. Our findings indicate that Hey1 is an essential regulator of osteoblastic differentiation under stimulation with mechanical stretch and BMP-2. The present study broadens our fundamental knowledge of osteoblastic mechanotransduction and also sheds new insight into the mechanisms through which the combined application of BMP-2 and mechanical load promotes osteogenesis.
